In this paper, we show the photonic nanojet is the central bright maxima in focused near-field diffraction pattern. Using a simplified Huygens-Fresnel model, and using numerical simulations, we generate photonic nanojets from curved interfaces between media of different refractive indices and study the length, width, and peak intensity of the resultant photonic nanojet. We confirm that photonic nanojets are not sub-diffraction optical modes and are adequately described using diffraction theory. We also show how modifying the optogeometric environment can be used to tailor relevant features of the nanojets in general.
I. INTRODUCTION
The interest in nanophotonics, driven by promises of disruptive technologies across a wide variety of fields and supported by important research worldwide, continues to grow unabated. Nanophotonics typically refers to the generation, propagation, and interaction of photonic modes on the sub-wavelength scale, and includes plasmonics and near-field optics. The photonic nanojet (PNJ) is an atypical high-intensity beam and has attracted particular interest amongst the nanophotonics community. The PNJ concept was introduced by Chen et al. [1] in 2004 using the finite difference time domain technique (FDTD) to study light scattering from a dielectric cylinder, confirmed by Li et al. [2] in 2005 again using FDTD and solving for scattered light from a sphere. The first experimental observation of PNJs were made by Heifetz et al. [3] in 2006 using microwaves, followed by the direct imaging of PNJs produced by visible light scattering using confocal microscopy by Ferrand et al. [4] in 2008. Since then, a wide variety of other structures have been shown to produce PNJs numerically [5] [6] [7] [8] [9] [10] and experimentally [4, 8, 11, 12] . PNJs have been proposed for a wide variety of applications that include sub-wavelength imaging and microscopy [13] , providing order-of-magnitude enhancements in Raman spectroscopy [14] , data storage [15] , single molecule sensing [16] , nanofabrication [17] [18] [19] and even medicine [20] . In the work cited above, PNJ formation requires specific conditions, namely, the scattering object -typically a sphere or cylinder -must be of characteristic dimension R, where R ∼ λ, and having refractive index ≤ 2 in vacuum [21] . Under these conditions, neither the static field assumptions nor geometric optics approaches can fully describe the resultant electromagnetic field, and as such, Maxwell's equations were solved directly. Because of the inherent difficulties in studying nanophotonics and PNJs analytically, it is of no surprise * salhim@ornl.gov that computational methods -in particular the finite difference time domain (FDTD) approach -have become de facto tools for workers in the field to explore PNJs. In parallel with the computational and experimental efforts, several approaches have been proposed to analytically reproduce the PNJ using the uniform caustic asymptotic method [22] , Mie theory [23, 24] , and extended Mie theory [25, 26] . However, formation of PNJs from non-spherical micro-optics cannot be described using Mie theory, leading to reliance on FDTD and other simulation tools to study PNJ formation in arbitrary geometries. This has left the study of PNJs lacking from a fundamental perspective, namely, a full understanding of how PNJs are formed and under what specific optogeometric conditions.
In this paper we show that photonic nanojets are accurately described using diffraction theory, and are essentially the result of focused beams in the near-field. Using a simplified Huygens-Fresnel approach, we demonstrate that near-field diffraction theory accurately describes both the length and peak position of the PNJ -being identical to the central diffraction maxima in the near-field -and show how it compares favorably to FDTD simulations of the same model. We clarify claims that the PNJ displays sub-diffraction properties from the standpoint of near-field diffraction, and note that previous works [27] [28] [29] regarding image formation in optical instruments predict PNJ-like beam formation. Finally, we perform parametric studies of the optogeometric environment and demonstrate how features of the resultant PNJ can be tailored for a variety of applications of interest.
II. NEAR-FIELD DIFFRACTION
Due to the small length scales involved, diffraction plays a significant role in nanophotonics, and while diffraction theory itself is well understood, the approximations and assumptions applied to simplify integrals in the diffraction calculations do not hold at the nanoscale. As a result, diffraction at the nanoscale, and generally in the near-field, is not as widely studied as far field diffraction. Consequently, light-matter interactions at the nanoscale are often treated as scattering problems, and while providing qualitative results, may fail to reveal the richness of the problem at hand.
Fraunhofer diffraction theory, providing an accurate account of geometric optics, results from several mathematical simplifications to the integral term in Kirchoff's diffraction theory. Specifically, the distance from the slit to an observation point P is assumed to be much larger than the dimension of the slit itself, and consequently, only the first order terms in the integral expansion are retained. Thus, Fraunhofer diffraction accurately describes diffraction in the far-field, where small and rapidly decaying components of the diffracted wavefront close to the slit have no contribution. However, closer to the slit, in the observation region comparable to the slit dimension, one must retain second (and perhaps higher) order terms in the Kirchoff integral to account for near-field effects. Retaining the second order terms results in the Fresnel diffraction theory where, unlike Fraunhofer diffraction, curvature of the wavefront is required in order to account for the relative phase of interfering waves. By expanding to the second order, Fresnel diffraction retains the higher spatial frequency components of the diffracted wavefront. Consequently, assumptions correctly held in the far-field approach -leading to concepts such as the well-known diffraction limit -do not hold in the near-field. This is exploited by scanning probe optical microscopy -where features below the (far-field) diffraction limit are routinely imaged.
Yet solving diffraction problems in the near field are notoriously difficult from an analytical perspective. In a paper by Gillen and Guha [30] , the authors discussed several diffraction theory models and their regions of validity, aiming to obtain a complete description of the distribution of light immediately after the illuminated aperture. The complete Rayleigh-Sommerfeld diffraction model was found to accurately describe the intensity distribution pattern. Thankfully, using numerical tools such as those offered by the finite element method (FEM) and finite difference time domain (FDTD) techniques, one can reproduce their results by solving the full wave equations and without recurring to any approximations. Indeed, using FDTD simulations we obtain the diffracted light intensity distribution starting from the aperture and reaching to the "far-field region". As shown in Fig.1 , the diffraction pattern can be divided into two regions, nearfield and far-field. The near field-region is well-defined by the pyramidal light distribution with an assembly of bright and dark fringes that has its base at the aperture. Starting from the base with many small bright fringes and ending at the summit with a unique large bright fringe that continues to the far-field region. Moreover, in Fig.2 we have extracted the field intensity in both regions. The far field intensity projection is what one would obtain using the Fraunhofer diffraction equation. It is evident that the near-field region contains the high spatial frequency modes which provide the richness to near-field optics. 
III. FOCUSING LIGHT IN THE NEAR-FIELD
Historically, the interest in the intensity distribution near a focus started at the end of the nineteenth century [31, 32] to understand the theory of image formation in optical instruments. Since then, the subject has been addressed by many authors [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] [46] , generally involving different assumptions and approximations to overcome the complexity of the calculations. In 1949 Zernike and Nijboer [47] published realistic diagrams of the intensity distribution for images affected by spherical aberrations. In 1956, Linfoot and Wolf published a complementary work on the phase distribution near focus in an aberration free diffraction image [27] . In the same year an experimental examination of the intensity distribution near the focus of microwave lenses was published by Bachynski and Bekefi [28] . The main purpose of all these efforts was to gain an insight into the light distribution in the diffraction image of an optical system. The non-uniformity of the phase and amplitude of the incident wave upon the optical system strongly suggests the implementation of physical optics for an accurate evaluation of the obtained image. This is the case when the optical system size is on the order of one hundred wavelengths, thus the image is mainly determined by diffraction. The observation of PNJ satisfies this condition which suggests the use of diffraction to investigate its formation. Indeed when examining some of the isophote diagrams of the near field light intensity distribution constructed using diffraction theory and published more than sixty years ago [27] [28] [29] , we can see what appears to be a PNJ. The lack of colormap figures showing the relative intensity of the focused beam may have played a role in hiding this important optical effect until it was introduced in 2004 [1]. In fact, by examining closely the FDTD intensity field distribution of the PNJ emerging from a micro-scale hemispherical interface between two media and by applying the decimal logarithmic function to the intensity distribution as shown in Fig. 3 to enhance the weak patterns, we can recognize the intensity pattern resulting form light diffraction from an aperture. Clearly, this pattern is suggesting that the PNJ is the result of light diffraction triggered by the circular interface of the dielectric medium. We consider the optical system illustrated in Fig. 4 , consisting of a hemispherical dielectric interface between two media of refractive indices n 1 and n 2 and of radius R. A plane wave of wavelength λ is incident upon the interface which acts as a diffracting slit.
In the typical treatment of diffraction using the Huygens-Fresnel principle, secondary sources of wavelets located within a slit in an opaque screen are assumed to be radiating in phase, i.e., the secondary sources are all equidistant from the primary source. However, this is not the case here where, due to the action of a plane wave meeting a curved surface, each secondary source on the lens surface will radiate with a relative phase shift with respect to others. Let us define an arbitrary point on the wave-front at x = −R as A, and a corresponding point on the interface as B. We assume a secondary source of wavelets i exists at B. The line − − → AB, parallel to the x-axis defines the distance from the primary wave front to the interface in vacuum, and is given by R(1 − cos(α)) where α is the polar angle defining the position of the secondary source i . The relative phase shift of the secondary wavelets emitted from B with respect to the secondary source located at α = 0 is therefore
Let us then define a second line − − → BC from the secondary source B to an arbitrary point C along the x-axis. The length of − − → BC is √ R 2 + X 2 + 2RX cos α i . The relative phase shift experienced at C due to the secondary source i at B is therefore
Now the total phase shift at C is the sum of ∆φ 1 +∆φ 2 . We wish to evaluate the total electric field at arbitrary points along the x-axis. Due to the symmetry of our lens geometry, the superposition of two incident fields corresponding to the polar angles α i and −α i will null the y-components E 0y . Thus only the x-component of the electric field will be considered in evaluating the total field along the x-axis, E 0x = E 0 cos β i . Where β i is defined as
Integration over all α gives the total field at C due to all secondary sources on the surface of the lens.
(4) Figure 5 shows the normalized field intensity for an incident wavelength of 2 µm, R = 5 and 10 µm, and n 1 = 1, n 2 = 2. FDTD simulations of the same geometry using the same parameters are performed with the corresponding results overlayed with the computational solution from the analytic diffraction approach. Both the FDTD technique and the analytic solution illustrate the common features of a PNJ -namely the length, and the peak position -with very good overlap between the analytical and numerical plots, where slight discrepancies are caused by our toy model not accounting for reflections at the optical interfaces, in addition to the finite meshing size used in the FDTD simulations. Nevertheless, using our simple diffraction model we have showed that we can reconstruct the salient features of a PNJ formed by a simple dielectric micro-optic lens.
FIG. 5. PNJ normalized field intensity profile (envelope) for an incident wavelength λ = 2µm, refractive indices (n1 = 1, n2 = 2) and a radius R = 5µm (blue), R = 10µm (red). The solid lines are obtained from the numerical simulations (FDTD in 2D) while the dashed lines are constructed using the derived expression of the total field along the X-axis (Eq. 4).
IV. DEPENDENCE OF THE PHOTONIC NANOJET ON THE OPTOGEOMETRIC ENVIRONMENT
In this section, we use FDTD to study the dependence of PNJ width, length, and peak intensity on the refractive index n 2 of the dielectric medium, the incident wavelength λ and the curvature ratio R1 R2 of the interface, as illustrated in Fig. 8 . The PNJ length and width are defined by the FWHM of the intensity distribution. We present three sets of FDTD simulations showing the field intensity distributions of the PNJ: (1) where the refractive index n 2 of the dielectric medium is varied, (2) where the wavelength of incident plane wave is varied, and (3) where the curvature ratio R1 R2 is varied.
A. PNJ dependence on the refractive index n2
The first set of simulations involves variation of n 2 over the range 1.2 -2.2 for a fixed hemispherical interface of radius R = 2.5µm, with fixed incident wavelength λ = 1µm and background index n 1 = 1. Results of the simulations are shown in Fig. 6 . As n 2 is increased from 1.2 to 2.2, we show the PNJ the peak intensity increases by an order of magnitude. Both the jet length and width decreases, as the position of the jet's peak intensity moves closer to the interface, demonstrating a focusing effect. However, as we show in the lower right panel of Fig. 6 , the width of the jet does not decrease below λ/2n 2 , the far-field diffraction limit.
B. PNJ dependence on the incident wavelength λ
The second set of simulations involves variation of λ over the range 0.4 -1.4 µm for a fixed hemispherical interface of radius R = 2.5µm, with fixed n 2 = 1.5 and background index n 1 = 1. Results of the simulations are shown in Fig. 7 . As λ is increased from 0.4 µm to 1.4 µm, we show the PNJ the peak intensity decreases by almost two orders of magnitude. Both the jet length and width display a linear increase with increasing wavelength. Again, as we show in the lower right panel of Fig.  7 , the width of the jet does not decrease below λ/2n 2 , the far-field diffraction limit.
C. PNJ dependence on the curvature ratio
The final set of simulations involves variation of the curvature ratio R1 R2 , over the range 0.5 -3, of an ellipsoidal interface between the background of n 1 = 1 and fixed dielectric n 2 = 1.5. The incident wavelength is fixed at λ = 1µm. R 1 corresponds to the axis parallel to the direction of propagation, whereas R 2 is perpendicular. Results of the simulations are shown in Fig. 8 . Unlike in the previous two cases, there is not a clear consequence on varying the curvature of the interface. However, we note that at R1 R2 = 1.5, we see a maxima in the peak intensity, and a corresponding minima in the jet length. As R1 R2 increases, there is an exponential decrease in the jet width, appearing to reach an asymptote of ∼ 0.6µm while still not decreasing below λ/2n 2 . 
V. CONCLUSION
The photonic nanojet is a consequence of focused near field diffraction from a micron scale dielectric object. The PNJ corresponds to the central bright maxima of the diffraction pattern. A curved micro-scale interface between two media of different refractive indices operates as a diffracting slit and a focusing lens at the same time and causes the formation of the PNJ. Understanding the mechanism behind the formation of the nanojet has eliminated a number of constraints believed to be necessary to observe the PNJ, such as the choice of a particular dielectric geometry, refractive index, dimensions and specific incident wavelength. As shown in the parametric study the main features of the PNJ (length, width and peak intensity) are essentially controlled with two focusing and de-focusing knobs, the refractive index n 2 and wavelength λ.
